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Previous studies have shown differential responses in the fusiform and lingual gyri during reading and
suggested that the former is engaged in processing local features of visual stimuli and the latter is
engaged in global shape processing. We used positron emission tomography in order to investigate how
these regions are modulated by two common variables in reading: word length (three, six and nine
letters) and perceptive similarity to the background (high and low contrast). Increasing both word length
and visual contrast had a positive monotonic effect on activation in the bilateral fusiform. However, in
the lingual gyrus, activation increased with increasing word length but decreased with increasing
contrast. On the basis of previous studies, we suggest that (i) increasing word length increases the
demands on both local feature and global shape processing, but (ii) increasing visual contrast increases
the demands on local feature processing while decreasing the demands on global shape processing.
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1. INTRODUCTION

This paper is concerned with the variables that modulate
activation in the visual cortex during reading. First, we
review previous functional imaging studies of reading
that report activation in the visual cortex when either the
stimulus, its presentation or the task are manipulated.
Then we specifically investigate how activation in
different regions of the visual cortex is modulated by
changing two common variables in reading: the number
of letters present (word length) and their perceptive simi-
larity to the background (visual contrast).

As expected from lesion studies in both animals and
humans, functional neuroimaging studies have shown
that the visual cortex is critical to pattern recognition
including reading. For instance, there is extensive activa-
tion in both the striate and extrastriate cortices when
reading is contrasted with viewing a visual fixation point
(Petersen et al. 1988; Jernigan et al. 1998) or relative to
resting with eyes closed (Price et al. 1996a; Brunswick
et al. 1999). Activation is also sensitive to the number of
letters and/or visual features presented at a time (Inde-
frey et al. 1997), the rate at which the words are presented
(Price et al. 19964) and the duration they remain in the
visual field (Price et al. 1994, 19964; Price & Friston 1997).
The effect of rate and duration on visual activation distin-
guishes distinct functional roles for the posterior fusiform
and lingual gyri. For instance, in the bilateral posterior
fusiform gyrus, activation increases monotonically with
the number of words presented or their duration on the
screen, whereas in the lingual gyrus, activity decreases
with increasing stimulus duration (Price & Friston 1997)
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and is unaffected by rate of presentation (Price et al.
1996). Moreover, in the fusiform gyrus, but not in the
lingual gyrus, activation bilaterally with
degrading the integrity of letters during word identifica-
tion and recognition (Jernigan et al. 1998); the words
were degraded by removing parts of the letters, thereby
making them appear fragmented. Overall, these studies
indicate that activation in different regions of the visual
cortex is differentially modulated by changes in the visual
input (see table I for details).

Even when the visual input is matched, activation in
the visual cortex is sensitive to the visual or cognitive
processing demands. This was first demonstrated by
Petersen et al. (1988) who reported increased activation in
the left extrastriate cortex for words and pseudowords
(relative to visual fixation), but not for consonant letter
strings that had equivalent visual
complexity. On the basis of the association of pure alexia
with lesions to the extrastriate cortex, Petersen e/ al.
(1988, 1990) argued that the function of the left extra-
striate region corresponded to a word form system. The
coordinates of this extrastriate region (see table 1) indi-
cate a left lateralized region in the vicinity of the left
calcarine sulcus at the most anterior part of the lingual
gyrus.

Other studies have confirmed that the left anterior and
medial posterior regions of the left lingual gyrus are
sensitive to task demand, even when visual features are
controlled (Price et al. 1994, 1997, Moore & Price 1999).
For example, activation in these regions increases when
reading aloud is contrasted with viewing words silently
and saying ‘okay’ (see table 1). Both reading aloud and
silently involve activation of the visual word form system,
but one might argue that reading aloud places greater
demands on the word form system than saying an
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Table 1. Areas and coordinates of regions that showed increased activation in previous studies on reading

(The coordinates relative to the studies by Petersen et al. (1988, 1990) are reported after being changed from Talairach & Szikla

(1967) to Talairach & Tournoux (1988).)

left fusiform

right fusiform

left/medial lingual right /medial lingual

visual input changes
Petersenetal. (1988)
reading — fixation — — — —

Petersenetal. (1990)
reading — fixation — — _ _

Brunswick etal. (1999)
reading — rest
Priceetal. (1996)
reading — rest
positive effect of rate
positive effect of duration
Price & Friston (1997)
positive effect of duration —-29 —-98 -8 30
negative effect of duration — — — —
Bookheimeretal. (1995)
view objects— control — — — —

—-22 —-94
—26
—24
—26

—-74 -—16 20
—86 —12 22
—-80 —16 24

name objects— control — — — —
Jerniganetal. (1998)
effect of degrading words -30 —-90 -—16 36
visual input is consistent
Price etal. (1996)
object naming — viewing
Moore & Price (1999)
objects and words — — — —
naming — viewing — — — —
Fink etal. (1998)
global > local attention — — — —

local > global attention —22  —-96 -8 —

-32 —-92

-24 =70 2 26 —78 6

— 84 10 12 -84 10
—-29  —65 2 - - -
-75 2 - - -
-98 -8 — @ — 6 —80 0
-86 -12 — - 4 —-82 -4
-82 -12 - - = = =
-84 —-16 —  — — =

-92 -8 — - — -
-70 -12 - - -

—18
—22

- 76 o - - —
-78 o - - —

-78 -12 - - = e

—72

~16
- — -8

-72
-68 -8 — @ —  —

—74 0

irrelevant word irrespective of stimulus. However, the
word form explanation has been challenged by a number
of different investigators. Howard e/ al. (1992) found no
differences in the striate or extrastriate cortex when
reading aloud was contrasted with saying ‘crime’ in
response to strings of false fonts (although see Price et al.
1994). Bookheimer ef al. (1995) and Moore & Price
(1999) found regions with very similar coordinates (see
table 1) for object as well as for word processing and
found no difference when reading was contrasted with
object processing. Indefrey et al. (1997) demonstrated that
activation changes in the visual cortex were related to the
length or visual complexity of the stimulus (although the
coordinates of the activations were not reported). Clearly
then, activation in the lingual gyrus is not specific to
words.

An alternative to the word form hypothesis (Price et al.
1997) is that the left medial lingual gyrus is involved in
some aspect of visual processing that is modulated when
subjects are required to make a stimulus-specific response
such as naming. This explanation gains some support
from a functional imaging study by Fink e al. (1996) that
employed the Navon (1977) task. Fink ef al’s (1996) study
involved the presentation of hierarchically organized
letters (global letters composed of local letters) and a
requirement to attend to the identity of either the local or
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global parts. Activation increased in the right medial
posterior lingual gyrus when attention was directed to the
global parts and in the left fusiform gyrus when attention
was directed to the local parts. Since the visual input
remained the same, irrespective of task, Fink et al’s (1996)
study suggested that the bilateral fusiform gyrus was
concerned with local feature processing and the right
medial posterior lingual gyrus was concerned with global
shape processing. If these results are applied to those from
reading studies (see above), we might deduce that subjects
attend more to the global shape of words or objects when
a naming response is required (Moore & Price 1999) or
when the words are presented for short durations (Price
& Iriston 1997). If we applied Fink et al’s (1996) results to
the finding by Jernigan et al. (1998), we might also deduce
that subjects attend more to the local features when they
read words composed of degraded letters.

In the study we report in the present paper, we investi-
gated how responses in the visual cortex are influenced
by changing two common variables, which are used to
investigate visual aspects of reading: word length and
visual contrast. Previous behavioural results have shown
that both increasing word length and decreasing visual
contrast prolong naming times (e.g. Frederiksen & Kroll
1976; Weekes 1997; Herdman et al. 1999). The task was
held constant by requiring subjects to read all words. On
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the basis of the results of Indefrey et al. (1997), we
predicted that increasing the number of letters would
increase activation in both the lingual and posterior fusi-
form gyri: long words should challenge both global and
local visual processing more than short words. Our
predictions concerning the effect of contrast were less
clear because we are unaware of any functional imaging
studies that have manipulated visual contrast during
reading. Jernigan e al. (1998), investigating the effect of
degrading the integrity of letters, found an increase in
activity in the fusiform gyri for both identifying and
recognizing degraded words, possibly due to increased
demand in local letter processing. It may be that any
variable increasing the difficulty of visual processing will
similarly increase the magnitude of local letter processing.
The same would then occur with low-contrast words. On
the other hand, it can also be argued that low-contrast
words will engage global processing selectively. This
follows because cells responding to low spatial frequency
components in images continue to respond under low-
contrast conditions, unlike cells responding to high
spatial frequency components (e.g. Livingstone & Hubel
1987). Hence, activation in the lingual gyrus may be
greatest for low-contrast words and it may decrease as
contrast increases (when more local letter identification
processes become engaged).

2. METHODS

Six healthy male subjects with normal or corrected-to-normal
vision were presented with 40 serially unrelated words during
each scan. The experiment comprised a 3 X 2 factorial design.
The variables were (1) word length (three, six and nine letters)
and (i1) visual contrast (low and high contrast). The high-
contrast stimuli were white letters on a mid-grey background
and the low-contrast stimuli were light-grey letters on a mid-
grey background. In the high visual contrast condition there
was a clear perceptive contrast between the letters and the back-
ground, while in the low visual contrast condition the letters
and background were perceptively less distinct. Each word was
centred at fixation. Upper-case letters were 1lmm high by ca.
4 mm wide and lower-case letters were 8 mm high by ca. 4 mm
wide and all words were viewed from a distance of 40—60cm.
Words appeared equally often in upper and lower case. Stimulus
exposition was 500ms and the interstimulus interval was
1000 ms. The task was constant across the experimental condi-
tions: subjects were asked to articulate the names of the words
silently. Words were matched for frequency and n count across
word lengths and they were balanced across the high- and low-
contrast conditions across subjects.

Twelve positron emission tomography (PET) scans were
acquired for each subject (two for each of the six conditions)
using a Siemens/CPS Ecat HR+ (962) head scanner (Siemens/
CTI, Knowille, TN, USA) and the data were analysed with
Statistical Parametric Mapping (SPM97, Wellcome Department
London, UK; http://www.fil.ion.
(Mathworks
Sherbon, MA, USA). Prior to statistical analysis the images for

of Cognitive Neurology,
ucl.ac.uk/spm) implemented in Matlab Inc.,
cach subject were realigned using the first as a reference in
order to correct for any interscan head movements. Realigned
images were stereotactally normalized in a standard space of
Talairach & Tournoux’ (1988) atlas and smoothed in order to

account for variations in gyral anatomy and individual
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Figure 1. Normalized rCBF in (a) the medial lingual gyrus
(4, — 76, —4), (b) the right fusiform gyrus (34, — 90, — 8) and
(¢) the left fusiform gyrus (— 24, — 72, —4). The positive
monotonic effect of word length was not modulated by visual
contrast and vice versa. However, the rCBF response was
bigger for low-contrast stimuli (thin line) in the lingual

gyrus and for high-contrast stimuli (thick line) in the

bilateral fusiform gyri.

variability in functional neuroanatomy and to improve the
signal-to-noise ratio (Iriston et al. 1995). The statistical analysis
addressed (1) the effect of word length, (i1) the effect of visual
contrast, and (iii) their interaction in the visual cortex. The
effect of long relative to short words was addressed by
contrasting (i) nine-letter words to three-letter words,
(i1) nine-letter words to six-letter words, and (ii1) six-letter
words to three-letter words. On the other hand, the effect of
short relative to long words was addressed by contrasting
(1) three-letter words to nine-letter words, (ii) three-letter
words to six-letter words, and (ii1) six-letter words to nine-
letter words. Detected activations were discussed only if signifi-
cant at corrected (p < 0.05) or uncorrected (p < 0.001) level.
The latter was applied to the visual cortex (occipital regions
only) and the former was applied to all other voxels in the

brain (where we had no a prior: predictions).
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Table 2. The effect of word length and visual contrast on neural activity in the visual cortex

(The table presents areas, coordinates and {-scores of the regions that showed increased activation for long relative to short
words, for low relative to high visual contrast words and for high relative to low visual contrast words. {-scores of activations
significant at corrected level (p < 0.05) are marked with an asterisk.)

effect of word length long— short  effect of visual contrast low — high high — low
X y z < -score X y z <{-score X y z <{-score
left medial lingual —-10 —84 -6 5.8" — — — — — — — —
right superior lingual 4 -84 2 5.3 — — — — — — — —
medial cuneus 0 -—76 8 5.2" — — — — — — — —
right medial lingual 4 — 76 -8 4.3 4 — 76 -8 3.2 — — — —
left fusiform —22 —82 —12 3.8 — — — — —24 —82 - 16 3.3
right fusiform 32 -90 -8 3.1 — — — — 32 —-90 - 10 3.3
3. RESULTS

Figure 2. Visual cortex regions where rCBF (a) increased for
the reading of long words, (4) increased during the reading of
low-contrast words and (¢) increased during the reading of
high-contrast words.
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(a) Word length

Relative to short words, long words activated posterior
visual areas. In particular, there was an increase in
activity bilaterally in the medial lingual ({-score =5.8)
and fusiform ({-score =3.8) gyri, the right superior
lingual gyrus ({-score=15.3) and the medial cuneus
(-score =5.2) (see table 2). Significant activation
uncorrected for multiple comparisons was also detected
in the left motor region (x= —158, y=—2, z=32 and
L-score = 3.3). When short words were compared with
long words, no significant activation was found.

The increased activation in the left motor cortex,
which was found for long relative to short words, may be
regarded as an effect of a silent subarticulation performed
by the subjects. It can be further considered a confirma-
tion that the subjects were articulating the words.

The monotonic positive effect of word length on visual
cortex activity for both low- and high-contrast stimuli is
shown in figure 1 where normalized regional cerebral
blood flow (rCBF) is plotted for both low and high visual
contrast stimuli of varying word length. Figure 2 illus-
trates the location of activations in the fusiform and
lingual gyri.

(b) Visual contrast

Low contrast relative to high contrast enhanced activa-
tion in the right medial lingual gyrus ({-score = 3.2). The
opposite result occurred in the fusiform gyri; here, high
contrast relative to low contrast enhanced activation (-
score = 3.3) (see table 2).

(c) Interaction

There were no interactions at a corrected level of
significance. However, at an uncorrected level (p < 0.001
and <Z-score of interaction=3.1), the right middle
occipital gyrus (x =24, y= — 84 and z = 26) was engaged
by (1) long relative to short words for high contrast only
(L-score = 3.5), and (ii) low relative to high contrast for
short words only (<-score=3.4). Looking at the
activations plotted for each of the six conditions (three,
six and nine letters X high and low contrast), it was
evident that this double effect was mostly due to consider-
ably lowered activation in the three-letters, high-contrast
condition.
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4. DISCUSSION

The study reported in this paper investigated (i) the
effect of word length, (ii) the effect of visual contrast, and
(ii1) their interaction in the visual cortex during reading.

Word length had a monotonic positive effect on neural
activity in both the medial and lateral occipital cortices.
This finding is consistent with the increased activation
previously found in the lingual and posterior fusiform gyri
when the number of components (letters or false fonts) was
increased (as in Indefrey ef al. 1997). However, the effect of
visual contrast differentiated the lingual and bilateral
fusiform gyri as functionally segregated regions: the
lingual gyrus was enhanced by low-contrast words and the
fusiform gyri by high-contrast words. The dissociation
between the lingual and fusiform gyri fits PET evidence on
processing of compound letters when these areas are selec-
tively linked to global and local processing (Fink et al.
1996). In our study, word length had a positive effect in
both the lingual and bilateral fusiform gyri, consistent
with longer words increasing the demands on both local
feature and global shape processing. On the other hand,
low contrast appeared to decrease the demands on local
feature processing while increasing the demands on global
shape processing. Fink ef al’s (1996) findings also allow us
to interpret the apparent discrepancy between the effects
of visual contrast and letter degradation as reported by
Jernigan et al. (1998): our data suggest that, while subjects
rely on processing of local features when they read words
composed of degraded letters, they attend more to the
global shape when they read low-contrast words. Whether
this change reflects alterations in visual attention to local
and global forms or differences in processing unmodulated
by attention is a question awaiting future research.

5. CONCLUSIONS

We found differential responses in the fusiform and
lingual gyri to word length and visual contrast in
reading. This suggests that (i) the demand on local
feature processing increases with varying word length
and contrast, and (ii) the demand on global shape proces-
sing increases with increasing word length and decreasing
contrast.

The study was funded by the Wellcome Trust.
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